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The myosin superfamily has no fewer than 15 members that share sequence homology in the amino-terminal, so-called "motor," domain, which contains the ATP-and actin-binding sites (1) (2) (3) . Although qualitatively myosins appear to share the same basic mechanism of coupling ATP hydrolysis to the movement of actin filaments, studies indicate that the ways in which they interact with actin and nucleotide are quantitatively different (4 -6). These differences allow for myosins to function in a variety of situations including muscle contraction, vesicle transport, cytokinesis, and mediation of cell surface changes that accompany cell locomotion.
The class I myosins are small, single-headed, nonfilamentous ATPases (see Ref. 7) . In lower eukaryotes, class I myosins are involved in cell migration, vesicle transport, and polarity determination, which are processes required for normal cell growth and development (8 -12) . Biochemical and molecular biological studies show that a myosin I family exists in higher cells (see Ref. 7) ; one member of this family is the 130-kDa myosin I from rat liver (13) , referred to here simply as MI 130 . 1 Partial peptide sequence analysis (14) indicates that the 130-kDa polypeptide is a product of the myr-1 gene cloned from rat brain (15) ; MM1␣ is its orthologue from mouse (16) . Purified MI 130 has six associated calmodulins (14) as predicted by the DNA sequence (15) . MI 130 binds F-actin in an ATP-regulated manner (13) and translocates actin filaments in vitro (17) . Inhibition of motility observed at high [Ca 2ϩ ] is overcome upon the addition of exogenous calmodulin (17) .
Roles for MI 130 are unknown. In NRK cells, MYR-1 localizes to the plasma membrane and to cell structures involved in movement, such as lamellipodia and membrane ruffles (18) . Analyses of subcellular fractions of rat liver suggest that the majority of membrane-associated MI 130 is found with the plasma membrane and microsomal fractions, but it appears that most of the MI 130 is associated with the cytoskeleton. 2 Divergence in sequence of the carboxyl termini among the mammalian class I myosins might indicate that they are designed to bind different loads and perhaps to perform different functions. Similarly, although homology in the motor domain among the 130-kDa polypeptide and two other mammalian isoforms, namely MM1␤ (20) or the 110-kDa myosin I (13) and or the 105-kDa myosin I (14) , is 70%, the amino acid differences in the motor domain might reflect distinct properties and hence disparate cellular roles for these myosins. As a result, detailed mechanistic analyses may assist in defining the cellular functions of these isoforms.
This report on MI 130 is the first detailed kinetic analysis of a mammalian myosin I and represents the first step in a longrange plan designed ultimately to compare and contrast the kinetic properties of mammalian class I myosins. The study is made possible by adapting established transient kinetic methods to use the small quantities of myosin I that are available from rat liver. Our analysis shows that MI 130 interacts with nucleotide and actin in much the same way as other myosins that have been studied. However, it is much slower than any other myosin II, the two Acanthamoeba class I myosins, and avian brush border myosin I (BBMI). Our results suggest that in addition to being very slow kinetically, this myosin I may be designed for efficient tension maintenance.
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EXPERIMENTAL PROCEDURES

Preparation of Proteins and Reagents-MI
130 was isolated from rat liver by gel filtration, anion, and cation exchange chromatography as described previously (13) . Fractions containing purified MI 130 were pooled and, in some cases, concentrated in a Centricon 10 microconcentrator (Millipore Corp., Bedford, MA). After protein determination by colorimetry (Bio-Rad protein assay) using serum albumin as a standard, sucrose was added to 3 mg/ml, and the samples were frozen in liquid N 2 prior to storage at Ϫ80°C. Rabbit skeletal myosin subfragment 1 (S1) was prepared by chymotryptic digestion as described by Weeds and Taylor (22) . Actin was prepared according to Spudich and Watt (23) and, in some cases, labeled with pyrene at Cys-374 according to Criddle et al. (24) . The 2Ј(3Ј)-O-(N-methylanthraniloyl) derivatives of ADP (mant-ADP) and ATP (mant-ATP) were prepared according to Hiratsuka (25) .
Enzyme Kinetics-All kinetic experiments were performed at 19°C in 20 mM MOPS, 100 mM KCl, 5 mM MgCl 2 , 1 mM EGTA, and 1 mM dithiothreitol at pH 7.0 with a Hi-Tech Scientific SF-61 single mixing stopped-flow system using a 100-watt Xe/Hg lamp and a monochromator for wavelength selection. Pyrene and mant-ADP fluorescences were excited at 365 nm, and emission was detected after passing through a Schott (Mainz, Germany) KV 389 nm cut-off. The stated concentrations of reactants are those present after mixing in the stopped-flow observation cell. Stopped-flow data were fitted to exponentials by a nonlinear least-squares curve fit using software provided by Hi-Tech Scientific.
ATP Hydrolysis-The release of P i was measured for 2-3 g of myosin I using a colorimetric assay described by Pollard (26) . The Ca 2ϩ -ATPase activity of myosin I was measured in 10 mM Tris, pH 7.0, 1 mM dithiothreitol, 5 mM CaCl 2 , and KCl concentrations ranging from 30 to 500 mM. The K ϩ -EDTA-ATPase activity was measured in 10 mM Tris, pH 7.0, 1 mM dithiothreitol, 2 mM EDTA, and KCl ranging from 30 to 500 mM. The actin-activated Mg 2ϩ -ATPase activity was determined in 10 mM Tris, pH 7.0, 30 mM KCl, 1 mM dithiothreitol, 1 mM MgCl 2 , either 1 mM EGTA or 1 mM EGTA and 1.1 mM CaCl 2 , and F-actin from 0 -30 M. All reactions were done at 37°C. Standard curves were generated with known amounts of phosphate. Controls included samples containing no myosin I. For actin-activated ATPase measurements, the reported values were corrected for activity because of the presence of actin. Data are expressed as s Ϫ1 assuming a molecular weight of 232,000 for the myosin I heavy chain and its six associated calmodulins.
Data Interpretation-As shown in Scheme 1, we interpret the kinetics of myosin I (M) interacting with nucleotide (T, ATP; D, ADP) in terms of the model described by Bagshaw et al. (27) , where k ϩi and k Ϫi are the forward and reverse rate constants, respectively, and and was inhibited at higher KCl concentrations. At 500 mM the activity was decreased to 25%. In contrast, the Ca 2ϩ -ATPase activity was 0.4 Ϯ 0.02 s Ϫ1 and almost independent of KCl concentration up to 500 mM.
Transient Kinetics-The ATP-induced dissociation of MI 130 -actin complexes can be conveniently followed by monitoring the fluorescence of a pyrene label covalently attached to Cys-373 of actin. Fig. 1A shows the resulting change in the fluorescence signal upon mixing 200 M ATP with 25 nM MI 130 and 25 nM phalloidin-stabilized pyrene-actin. At this concentration of ATP the change in the fluorescence can be described by a single exponential with k obs ϭ 1.6 s Ϫ1 and an amplitude of ϩ4%. At concentrations above 500 M, the reaction is biphasic with both phases having similar amplitudes (Fig. 1B, 1 
mM ATP). The low concentrations of MI
130 used allowed the reaction to be followed over a wide range of ATP concentrations from 25 M to 10 mM using only a few micrograms of protein. The dependence of the k obs for both phases of the reaction on ATP concentration is shown in Fig. 1C in both the presence and absence of calcium. The fast phase of both data sets shows a hyperbolic dependence on [ATP] with a maximal observed rate (k ؉2 ) of 74 and 32 s Ϫ1 and 3.2 and 1.9 mM ATP required for half maximal saturation (1/K 1 ) with and without Ca 2ϩ , respectively. The values of 1/K 1 are of the order measured for all other myosins studied, but k ؉2 is much slower than any other myosin characterized so far (Table I ). The slow phase saturates at a k obs of 6 and 2 s Ϫ1 with and without Ca 2ϩ , respectively. The k obs corresponds to the rate constant of ADP dissociation from actin-MI 130 in each case (see below) and led us to believe that the protein was purified with ADP bound in the nucleotide pocket. The amplitude of the slow phase varied among preparations and was normally in the range of 10 -60% of the total amplitude. Extensive treatment with apyrase only partially reduced the amplitude of the slow phase, raising the possibility that the slow phase may have two components (see "Discussion").
The influence of ADP on the ATP-induced dissociation of actin-MI 130 is shown in Fig. 2 . Addition of 2.5 mM ATP to apyrase-treated 25 nM pyrene-labeled actin-MI 130 results in a rapid change in fluorescence. The data for this preparation of protein fit a single exponential with k obs ϭ 22.5 s Ϫ1 . If, in place of apyrase, 25 M ADP was added, the k obs was reduced to 5.8 s Ϫ1 . Increasing either ADP or ATP concentration did not change the k obs (data not shown), suggesting that it is the ADP release rate (k ؊AD ) that is being monitored. At lower ADP concentrations, a biphasic reaction was observed with k obs of 22 and 6 s Ϫ1 . Preliminary analysis of the amplitude dependence on ADP concentration suggests an affinity of Ͻ10 M. Establishing the conditions under which the ADP concentration was less than 10 M was difficult because of the presence of an unknown level of ADP contamination. Repeating the experi-SCHEME 1 ment in the absence of Ca 2ϩ gave a slower rate of ADP release of 2 s Ϫ1 with a similar affinity of Ͻ10 M. This affinity is much tighter than observed for skeletal muscle myosin II and amoeboid myosin Ia (29, 30) but similar to that observed for smooth muscle myosin II (6) and BBMI (Table I ). The observation that the total amplitude of the dissociation reaction was almost independent of ADP suggests that the affinity of actin for MI 130 .ADP is much less than 1 M.
The amplitude of the ATP-induced dissociation reaction can be used to estimate the affinity of pyrene-actin for a myosin as shown by Kurzawa and Geeves (31) . However, such a titration experiment requires a considerable amount of MI 130 , which is limiting because it is present in cells in only small amounts. We therefore used a competition experiment with the well characterized rabbit skeletal muscle myosin S1 to provide an estimate of the affinity of MI 130 for actin. The addition of 50 M ATP to 25 nM pyrene-actin and 50 nM MI 130 in the stopped-flow spectrofluorometer led to a dissociation reaction with a k obs of 0.74 s Ϫ1 (Fig. 3) . The addition of 50 M ATP to 25 nM pyrene-actin and 50 nM S1 gave a k obs of 80 s Ϫ1 . Both reactions had a similar amplitude of 3.8%, suggesting a comparable affinity if both myosins quench the pyrene fluorescence to a similar extent. When 25 nM actin was mixed with 50 nM MI 130 and 200 nM S1 before mixing with ATP, a biphasic reaction was observed with 68% of the reaction occurring at 80 s Ϫ1 (the k obs for A⅐S1 dissociation) and 32% at 0.79 s Ϫ1 (the k obs for A⅐MI 130 dissociation). The amplitudes of the dissociation reaction were dependent upon the S1 concentration as shown in Fig. 3B . It is important to note that in Fig. 3B it is the concentration of the proteins in the syringe that is plotted, because the system is at equilibrium before the ATP is added. This usage is the opposite of the normal convention used for all of the other figures. When the fast and slow reactions have the same amplitude (i.e. the two myosins bind the same amount of actin in the mixture),
. This equation was valid at 100 nM S1 in the absence of ADP and at approximately 300 nM S1 in the presence of 30 M ADP. Under the experimental conditions, the affinity of S1 for actin is 30 nM in the absence of ADP (31) Mixing 2.5 M mant-ATP with 250 nM MI 130 led to a 3.3% increase in fluorescence when the reaction was monitored by exciting the intrinsic protein fluorescence at 295 nm and measuring the energy transfer to the mant group (Fig. 4A) . The observed reaction occurred at 0.28 s Ϫ1 , but it could only be followed over the concentration range of 1-2.5 M mant-ATP. No reaction could be seen by monitoring the mant fluorescence directly. We could detect no reaction when monitoring mant-ADP binding over a similar concentration range. Addition of 5 M ATP to 100 nM MI 130 resulted in a 1.2% increase in intrinsic protein fluorescence at 0.56 s Ϫ1 (Fig. 4B) . The reaction could be observed over the ATP concentration range of 1-15 M (Fig. 4B,  inset) , and the data were consistent with a second order rate constant, K 1 k ϩ2 , of 0.1 ϫ 10 6 M Ϫ1 s Ϫ1 . Thus, both ATP and mant-ATP bind with a similar rate constant and five times faster than the apparent rate of binding to actin-MI 130 . No calcium dependence of the reaction was detected (data not shown).
DISCUSSION
The ATPase activity and transient kinetics data presented here show that MI 130 interacts with both ATP and actin in a manner similar to that of other well characterized myosins, with the exception that many of the events are much slower. Although restricted in the quantity of available purified myosin I, the current studies were possible because of (i) the high sensitivity of pyrene-labeled actin to interactions between actin and myosin I complexes and (ii) the use of phalloidin to stabilize F-actin, thereby allowing many transient measurements using only microgram quantities of protein (31) .
A major observation resulting from these studies is that the ATP-induced dissociation of actin-MI (32) . This is largely attributable to a smaller value of k ؉2 , as the 1/K 1 is comparable with that observed for BBMI. Across the range of myosins listed in Table I , k ؉2 for BBMI is similar to amoeboid myosin Ia (33) and Dictyostelium myosin II (5) and much slower than the muscle myosins (30) . Thus, MI 130 is by far the slowest myosin so far characterized. Similarly, the rate of ATP binding to MI 130 in the absence of actin is 10% that of BBMI, which in this regard more closely resembles all of the other myosins listed in Table I . In contrast, both the dissociation rate constant for ADP from A⅐M⅐D (k ؊AD ) and the affinity of ADP for A⅐M (K AD ) are comparable for MI 130 and BBMI, suggesting that these differences are an intrinsic property of the protein and not caused by the method of preparation.
What is responsible for the slow phase observed in the ATP dissociation of actin-MI 130 is unknown. Although the rate is similar to that of ADP dissociation, it could not be eliminated with extensive treatment with apyrase. Indeed, actin-MI for actin is reduced 5-7-fold in the presence of ADP. This behavior is similar to that displayed by smooth muscle myosin S1 (6) and differs markedly from skeletal muscle (30) and cardiac muscle myosins (29) . Thus, coupling between the ADP and actin binding sites resembles that found with smooth muscle myosin II and Dictyostelium cytoplasmic myosin II (Ͻ10-fold (5)) and differs from that of skeletal muscle and cardiac muscle myosin II (Ͼ20-fold). It has been proposed that this low Ϫ1 . The addition of 50 M ATP to 25 nM pyrene-actin and 50 nM S1 gave a k obs of 80 s Ϫ1 . Both reactions had a similar amplitude of 3.8%. When 25 nM pyreneactin was premixed with 50 nM MI 130 and 200 nM S1, a biphasic reaction was observed with 68% of the reaction occurring at 80 s Ϫ1 and 32% at 0.79 s Ϫ1 . B, dependence of the fast and slow amplitudes of the dissociation reaction on [S1] in the syringe (see "Results") and ADP. The fast and slow reactions have the same amplitudes at 100 nM S1 in the absence of ADP and at approximately 300 nM S1 in the presence of 30 M ADP, leading to an affinity of pyrene-actin for MI 130 of 13 nM (ϪADP; K A ) and 60 -110 nM (ϩADP; K DA ) (see "Results").
level of coupling between actin and ADP binding is a property of myosins designed for more efficient bearing of tension rather than fast contraction (6) , and so it may not be surprising that members of the myosin I family should have more in common with smooth muscle and cytoplasmic myosin IIs than with fast skeletal muscle myosin II (see Fig. 5 and below).
The ATPase results described here are consistent with those from an earlier look at the ATPase activity of MI 130 (13) . Also, although performed under slightly different buffer conditions, the rate of ATP hydrolysis of MI 130 resembles qualitatively and quantitatively that previously observed for BBMI. Conzelman and Mooseker (34) and a 2-fold activation of the Mg 2ϩ -ATPase in the presence of actin; all in 50 mM KCl). On the other hand, ATP hydrolysis by the amoeboid myosin I family is significantly faster than MI 130 and more closely resembles that of skeletal muscle myosin II (33) . This resemblance is not surprising because there is significant diversion in sequence between the mammalian and amoeboid class I myosins. One particularly noteworthy point is that the presence of Ca 2ϩ eliminates the actin-activated Mg 2ϩ -ATPase activity of MI 130 . The motor activities of BBMI and MI 130 have been shown to be inhibited by increasing Ca 2ϩ , which causes dissociation of calmodulin (17, 36) , although there is evidence that it is the binding of Ca 2ϩ to calmodulin that inhibits motility of a related mammalian myosin I, MM1␤ (37) .
In contrast to the inhibitory effect on both the actin activation of the steady state Mg Another feature that MI 130 shares with smooth muscle myosin II and BBMI is that the molecules produce movement in two steps, as revealed by an optical tweezers transducer (40, 41) . The second step is significantly greater for MI 130 and BBMI (5.5 nm) than for smooth muscle myosin II (2-3 nm). It has been proposed that the first step in the power stroke is associated with P i release, whereas the second step represents ADP release. As expected, the time between the mechanical steps (300 ms, MI 130 ; 120 ms, BBMI) is in good agreement with 1/k ؊AD (500 ms MI 130 , 125 ms, BBMI) given the differences in experimental conditions. The ADP release step corresponds to the ADP-dependent structural changes observed in three-dimensional reconstructions of smooth muscle actomyosin II (42) and actin-BBMI (43, 44) generated by cryoelectron microscopy and helical image analysis and by spectroscopy for smooth muscle myosin S1 (45, 46) . This argument predicts that a (19) and Cremo and Geeves (6) . The following biochemically defined pathway is illustrated: A-M⅐D⅐P i (the pre-force attached or A-state); loss of phosphate to form A⅐M⅐D (more strongly attached, rotated, or rigor-like, R-state); and loss of ADP to form A⅐M (also an R-state). The position of the minimum ⌬G value for the preforce generating, attached or A-state (A-M⅐D⅐P i ) is arbitrarily set to zero, and the minimum for the postforce R-state (A⅐M⅐D) is displaced by ϩ5 nm, the cross-bridge throw. This produces a positive strain on the cross-bridge. Loss of ADP from A⅐M⅐D to A⅐M results in a higher minimum ⌬G value (i.e. work is done to displace ADP at cellular ADP concentrations of 10 -20 M) and displaced to the right by 3 nm in the case of smooth muscle myosin II or 5 nm for MI 130 . Note that the displacement of ADP from A⅐M⅐D is energetically prohibited unless its cross-bridge loses its strain. Assuming a similar elasticity, this strain inhibition is more pronounced for MI 130 than for smooth muscle myosin II because of the larger displacement but similar change in the minimum ⌬G.
similar or greater structural change should be observed for MI 130 ; studies to address this issue are in progress.
Cremo and Geeves (6) proposed that the high affinity of ADP for A⅐M, the structural change accompanying ADP release, and the weak coupling between actin and ADP affinities for smooth muscle myosin S1 could be indicative of a strain-sensing ADP release mechanism rather than the source of an additional power stroke in vivo (Fig. 5) . These features of smooth muscle myosin II are common to MI 130 . Because the free energy of ADP release from actin-MI 130 is small (K AD Ͻ 10 M) and may even be positive at cellular ADP concentrations, a large input of energy would be required to remove ADP from a myosin head bearing positive strain if the cross-bridge displacement is to be large (Fig. 5) .
The amount of energy required to dissociate ADP can be estimated assuming the elastic energy of the MI 130 crossbridges is similar to that of skeletal muscle myosin II (0.5 milli-Newton m Ϫ1 ). The energy (E) in the elastic element is related to the stiffness (kЈ) and the imposed stretch (x) by E ϭ kЈx 2 /2. If the cross-bridge is already stretched by 5 nm (the size of the cross-bridge throw corresponding to the crossover of the A-M⅐D⅐P i and A⅐M⅐D parabolas), then an extra 3-or 5-nm stretch is required to release ADP for the smooth and MI 130 cross-bridges, respectively. The ratio of the extra spring energy, kЈ⌬(x 2 )/2, to the thermal energy, RT, then defines the extent of the strain-induced change in K AD . K AD ϭ K AD exp(ϪkЈ⌬(x 2 )/2RT), where K AD is the equilibrium constant in the absence of strain, R is Boltzman's constant, and T is absolute temperature (47) . This equation predicts that ADP would bind approximately 10-fold more tightly for an isometric smooth muscle cross-bridge bearing maximum tension and 100-fold more tightly for MI 130 . If this change in equilibrium constant can be assigned to a strain-dependent inhibition of the rate of ADP release (the simplest assumption), then k ؊AD is slowed from 20 to 2 s Ϫ1 for an isometric smooth muscle crossbridge and from 2 to 0.02 s Ϫ1 for MI
130
, giving an average lifetime for the isometric cross-bridge of 0.5 and 50 s, respectively. If such a mechanism is contributing to the slow turnover of the myosin, then a Ca 2ϩ -induced change in conformation of calmodulin, leading to a reduction in the stiffness of the calmodulin binding domain or lever arm, could provide a simple way to reduce the strain in the cross-bridge without sliding. This strain reduction would lead to faster release of ADP and cross-bridge detachment by ATP.
The large displacement of the head and the tight affinity of ADP for actin-MI 130 may indicate that MI 130 is designed primarily to bear a load rather than to shorten. ADP would effectively remain trapped on MI 130 cross-bridges bearing a significant load. This role would be also consistent with the slow kinetics of MI
. The hypothesis outlined here and in Fig. 5 , namely that the slow release of ADP from myosin is a strainsensing mechanism, is entirely consistent with the data and represents a testable hypothesis. The prediction is that the time between the two steps of the mechanical event observed with the laser trap for the interaction of MI 130 with actin (40) will increase with the stiffness of the trap.
Previous studies show that MI 130 is present at the plasma membrane and in association with cell protrusions such as lamellipodia and cell ruffles (15) . In rat liver, 30% of the MI 130 is membrane-bound with 70% presumably in association with the cytoskeleton. 2 Additionally, in vitro studies have shown that MI 130 cross-links actin filaments (13) . Given the kinetic and structural properties of this isoform, it is plausible to believe that MI 130 is involved in the maintenance of tension within the cytoplasm. Other evidence for a similar role of a myosin I comes from studies in Dictyostelium in which overexpression of MyoB results in a decrease in the fluidity of pseudopodia (12) .
